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QLD 4072, Australia
Abstract
A simplified flow model, rather than a complex geological model, is usually used
for yield prediction and history matching in petroleum industry. The gap be-
tween these two models is often bridged in practice by upscaling. Equivalent
permeability is an extremely significant parameter for upscaling a coal geologi-
cal model. However, how to obtain an accurate equivalent permeability is still
a scientific challenge because of the unique characteristics of coal samples (e.g.
complicated cleat networks and extremely low matrix permeability). In this
paper, three existing traditional mean methods, which are widely applied for
calculating the equivalent permeability of conventional oil and gas reservoirs,
are firstly tested with a random distributed permeability model and compared
with finite element method-based numerical analysis to evaluate their potential
applicability in various cases. Then, based on the streamline method and the
flow-based upscaling technique, a new empirical formula is proposed with statis-
tical algorithm to determine the equivalent permeability of naturally fractured
coal samples and verified with numerical analysis of three different coal sam-
ples. Finally, the proposed formula is applied to provide the coal permeability
of subsections for further finite element analysis of the complicated fluid flow
behaviours in a coal block of Guluguba well 2 in Surat basin, Australia. The
related application results demonstrated the usefulness of the proposed method.
Keywords: Coal sample, upscaling, equivalent permeability, cleats/fractures,
numerical simulation, empirical formula
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1. Introduction
Coal seam gas, a by-product during the deposit of coal, has been proven
as a significant effect factor for both coal mining safety and energy produc-
tion. Therefore, coal seam gas extraction has been paid an increasing atten-
tion. However, coal has various unique characteristics compared to conven-5
tional gas reservoirs, such as, extremely low permeability, well developed nat-
ural cleats/fractures, high brittleness and easily deformation/crack, and so on.
Therefore, some conventional techniques may be not suitable for coal seam gas
exploitation.
It is well recognized that coal is mostly naturally fractured by a set of or-10
thogonal cleats. Face cleats are parallel with bed walls while butt cleats are
usually perpendicular to face cleats and terminated by face cleats in the in-
tersection in coal seams(Pan & Connell, 2012). Cleat orientation greatly relies
on geological structures (Rodrigues et al., 2014; Widera, 2014). Cleat spacing
varies with coal ranks and cleat height (layer thickness)(Ryan & Branch, 2002;15
Widera, 2014). Specifically, bright coal has a smaller cleat spacing than dull
coal (Dawson & Esterle, 2010; Laubach et al., 1998). The thicker layer has the
larger cleat spacing. However, a uniform average spacing of fractures of similar
size can usually be obtained over hundreds of metres distance in a given beds
(Tremain et al., 1991). The cleat networks of coal cause that the fluid flow20
in coal is much more complicated than that in conventional oil and gas reser-
voirs(Cai et al., 2014; Vega et al., 2014). Thus, a clear understanding of coal
structures and the related properties of coal is essential for the success of any
coal seam gas venture.
Permeability is one of the most significant parameters which can deter-25
mine the economic success or failure of coal seam gas exploration and develop-
ment(Connell et al., 2016). Various techniques have been proposed to measure
reservoir permeability for conventional oil and gas reservoirs(e.g. core analy-
sis, wireline logging, pressure transient analysis). Usually, core analysis can
obtain an accurate value of permeability of a homogeneous conventional core30
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while it is time-consuming to measure the permeability of a coal core due to its
extremely low permeability; Wireline logging is suitable for a vertically heteroge-
neous reservoir but not suitable for coal seams due to the complex components
of coal; Pressure transient analysis can estimate the permeability of various
ranges of near wellbore regions but an accurate analysis result is difficult to35
obtain due to the complicated coal structures. Therefore, it is necessary to pro-
pose a more suitable and accurate approach to estimate the permeability of coal
with considering its unique characteristics.
The existence of orthogonal cleats is one of the most significant effect factors
to coal permeability because coal permeability is contributed by the orthogo-40
nal face and butt cleats and cleat orientation determines the direction of coal
permeability. In order to obtain an accurate permeability of coal, the com-
plicated cleat networks should be firstly taken into consideration. Extensive
research has been focused on them, such as, cleat orientation and cleat spacing
(Paul & Chatterjee, 2011; Rodrigues et al., 2014). Cleat orientations, especially45
face cleats, determine the preferred direction of fluids flow when producing coal
seam gas from underground. Thus, the maximum permeability is parallel to the
bedding planes in the direction of face cleat orientation. An uniform average
spacing of fractures of similar size can usually be obtained over hundreds of
metres distance in a given beds (Tremain et al., 1991). All these characteristics50
will be considered and included in the models in this paper.
Moreover, the measurement scales of core analysis, wireline logs, and pres-
sure transient analysis vary from a few microns to several metres(Barnett et al.,
2013). However, most of these measurement scales are different from the scale
that is used in reservoir simulation and analysis, which is of the order of metres55
vertically and tens to hundreds of metres laterally. Since the late 1980s, upscal-
ing techniques have been developed to bridge the gaps between small scales and
large scales by calculating the effective value of different properties across the
different scales, most particularly the equivalent permeability in oil/gas com-
munity. Equivalent permeability is difficult to obtain because of its dependence60
on the spatial distribution not univariate distribution. Several algorithms have
3
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been proposed to compute an equivalent permeability of conventional forma-
tions. Geometric mean, arithmetic mean and harmonic mean are three funda-
mental methods which are used to calculated equivalent permeability when the
flow directions are clear in the area of interest (Agarwal et al., 2000; Dagan,65
1982). However, it is hard to identify which direction the fluids flow under
the ground. Therefore, an accurate value is difficult to obtain by using these
methods. Furthermore, these three methods, effective medium theory and per-
turbation expansions are only accurate when the permeability fluctuations are
very small and no impermeable materials are included(King, 1989).70
In order to address the above problems, King (1989) proposed a real-space
renormalization method for a severe permeability variation case. However, the
simplification in this method also causes a less accurate result for upscaling and
its systematic errors tend to be great in a severe anisotropic reservoir (Qi &
Hesketh, 2005). Besides the above methods, percolation theory was proposed75
to describe the connectivity and communication of a complex system and used
to upscale a fine model based on microtomography(Liu et al., 2014a). Agar-
wal et al. (2000) proposed a new upscaling technique based on the flow in the
geological model. However, it involves an extremely complex calculation and
simulation process.80
All the above approaches did not take cleats/fractures into consideration in
their analysis and/or a high computing cost is required during the calculation
process. Therefore, a quick and cheap method of determining the equivalent per-
meability of naturally or artificially fractured samples is in urgent. This paper
will firstly investigate the applicability of the existing conventional permeability85
upscaling methods in coal through comparing with numerical simulation results,
and propose a new approach to determine the equivalent permeability of nat-
urally fractured coal samples. Then, this new empirical formula will be also
validated with the numerical simulation results. The in-house finite element
method- based code PANDAS is used in this paper for the related numerical90
simulation to compare and evaluate the existing and proposed empirical for-
mula of equivalent permeability. Finally, the new formula is applied to estimate
4
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equivalent permeability of coal samples from Surat Basin, Australia.
2. Methodologies
Both numerical simulation and analytical methods are involved in this re-95
search. The validation of conventional analytical methods will be tested in both
unfractured and fractured formations. Finite element method-based code PAN-
DAS has been developed to simulate highly coupled systems involving thermal
transfer, fluid flow, chemical reactions and deformation at various scales by
using supercomputer. It has been validated and widely used to simulate mul-100
tiphysical coupled phenomena. The related governing equations used in this
paper are briefly listed below(Xing, 2014).
The continuity equation for the conservation of non-deformable porous media
with constant porosity and permeability is expressed as
φC
∂p
∂t
+5 · (ρυ) = 0 (1)
Where, υ is the fluid velocity; p is the fluid pressure; C is the effective com-
pressibility; ρ is the fluid density; and φ is porosity.
The relationship between fluid velocity υ and pressure p for fluid flow through105
a porous medium is Darcy’s law. And they are solved by finite element method.
For more details, please refer to the literature(Xing & Makinouchi, 2002; Xing,
2014; Xing et al., 2015; Liu et al., 2014b). We will use this numerical program
to simulate the related fluid flow in the porous media in this paper.
2.1. Numerical models110
Numerical simulation has been recognized as a very powerful tool for in-
vestigating the problems in geology and petroleum engineering because of its
convenient operation and repeatability. However, whether a numerical simula-
tion is successful or not greatly relies on the accuracy of the numerical model.
The parameters that determine a numerical model good or bad, are two length115
scales: grid spacing and the size of digital samples (Keehm & Mukerji, 2004).
5
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2.1.1. Grid spacing optimization
To simplify our problem, a thin plate-like porous medium was built to sim-
ulate a steady state flow through it and then effective permeability of these
heterogeneous materials was calculated. The size of this model is 10mm ×120
10mm× 0.5mm in X, Y and Z direction, respectively. We are only calculating
the effective permeability in the horizontal direction and the model is considered
to be filled with a single phase fluid with small compressibility. As most nu-
merical experiments assumed, only one direction allowed fluids flow. Hence, the
flow boundary conditions were 10 MPa and 0.1 MPa constant pressure in the125
left (inlet) and right (outlet) boundaries, respectively, while the top and bottom
boundaries are impermeable. The permeability distribution was generated by a
log-normal random function.
We simulated fluid flow with different mesh seeds (grid number in a 10 mm
side) in horizontal sides with 2, 4, 10, 20, 30, 40 and 60, respectively. The
volumetric flow rate through the model was given by Darcy’s law:
Q =
kA
µ
∂p
∂x
(2)
Where, Q is volumetric flow rate; k is permeability; A is cross-section area;
µ is fluid viscosity; ∂p∂x is pressure gradient.130
Then, the equivalent permeability of this heterogeneous porous material is
calculated by equation (3),
kE =
µlν
∆p
(3)
Where, µ is fluid viscosity; v is the velocity of each cross-section; l is sample
length in the flow direction; ∆P is the pressure difference between the inlet flow
face and the outlet flow face.
According to the numerical simulation and analytical calculation, the results
were plotted in Figure 1.135
Generally speaking, the accuracy of numerical simulation will increase when
the grid network is refined; whereas, as Figure 1 shows, after mesh seeds in-
creased to 20, the result graph levelled out. This demonstrated that when the
6
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Figure 1: The variance of the effective permeabilities of these heterogeneous materials vs
various mesh seeds
grid spacing d was l/20 in our models, the accuracy of our simulation results is
good enough. Therefore, taking into account of the computing cost and comput-140
ing time, we chose l/20 as the grid size in the following models in our research
except as otherwise stated.
2.1.2. Representative elementary volume
Representative elementary volume (REV) was used to describe the scale at
which the parameter of interest is statistically stationary. This will guarantee145
a consistent upscaling in flow simulation studies (Nordahl & Ringrose, 2008;
Rong et al., 2013). Therefore, this section aims to find out the REV scale of
our numerical models.
To describe the size variability of our numerical models (sample size), we
changed the width and length in the horizontal direction simultaneously and150
maintained the thickness of our models as 0.5 mm. the grid sizes in x and y
direction are also l/20 as optimized above. Other assumptions are the same as
the models in the grid spacing section.
7
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Figure 2: The effective permeabilities of the samples change with different sample size
The flow in the numerical models is steady-state flow, following Darcy’s
law. After numerical simulation and analytical calculation, the effective perme-155
abilities of all models with different sample sizes were obtained and plotted in
Figure 2.
As shown in Figure 2, in those heterogeneous numerical models with a log-
normal distribution of permeability, when the sample size is bigger than around
20 mm, a consistent effective permeability can be obtained. With consideration160
of the cost of numerical calculation and improvement in accuracy, we chose
20mm× 20mm as the size of our following models in the horizontal direction.
2.2. Conventional analytical methods
Generally speaking, in these three fundamental mean methods, geometric
mean is more suitable for a randomly distributed permeability and the arith-165
metic mean is more suitable to calculate the equivalent permeability of horizon-
tal flow in a horizontally layered structure while the harmonic mean is better for
calculating that of vertical flow (Agarwal et al., 2000; Dagan, 1982)(Figure 3).In
8
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Figure 3: (a)Randomly distribution of permeability; (b)horizontal flow and (c)vertical flow in
a layered structure
this section, these three methods will be used to calculate the equivalent per-
meability in a heterogeneous porous medium.170
Geometric mean
kg = [
n∏
1
ki]
1
n (4)
Arithmetic mean
ka =
1
n
n∑
1
ki (5)
Harmonic mean
kh = n/
n∑
1
(1/ki) (6)
2.2.1. Unfractured models
A few numerical models were built to test these traditional methods. King
(1989) thought that arithmetic mean, harmonic mean, geometric mean are valid
only when the permeability variation is not severe. For the purpose of testing
this observation, we established five models with different standard deviations175
(σ) of permeabilities: 0 mD, 1 mD, 2 mD, 3 mD and 4 mD. These models were
20mm×20mm×0.5mm 3D models(20×20×1 grid). When considering cleats,
40× 40× 1 grid is used in fractured models. Other conditions are the same as
our previous models. The permeability distributions of the four heterogeneous
models were shown as Figure 4.180
The equivalent permeability of each model was calculated by using arith-
metic mean, harmonic mean, geometric mean and numerical simulation, respec-
9
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Figure 4: Permeability distributions generated by a log-normal random function with different
standard deviations
tively. The obtained equivalent permeabilities for various standard deviations
were plotted in Figure 5.
Figure 5 shows the equivalent permeability of each model calculated by these185
three traditional average methods and numerical simulation. The values marked
by dash line do not have any physical meanings but just show the trend of the
equivalent permeability changing with different permeability standard devia-
tions. Figure 5 shows that with the increase of permeability heterogeneity, the
difference between simulation results and those of arithmetic mean and har-190
monic mean goes up dramatically whereas the results of geometric mean have a
good accordance with these of numerical simulation. Therefore, the geometric
mean is more suitable for calculating the equivalent permeability of randomly
distributed heterogeneous porous media than the other two methods. This
matches very well with the results from previous authors. As a consequence,195
our numerical program is correct and suitable to be used to simulate the Darcy’s
flow in heterogeneous porous media.
10
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Figure 5: The equivalent permeability calculated by different methods changes with the
degree of formation heterogeneity
2.2.2. Fractured models
Cleats are the main flow channels for the fluids in coal seam gas reservoirs
and are considered in this paper. Based on the similar models as above, some200
cleats with high permeability were added into our models. Their permeability
distributions were shown in Figure 6. Through the similar process as above,
the equivalent permeability of each model calculated by these four methods is
shown as Figure 7.
As shown in Figure 7, it is clear that the results calculated by geometric205
mean do not have a good agreement with numerical simulation results and
the other two methods are also not suitable for fractured reservoirs. This is
because fractures yield an obvious directional feature to the permeability in the
whole model. However, these traditional methods cannot take this characteristic
into consideration. As a consequence, they cannot give a satisfactory result210
of equivalent permeability when there are cleats in the models. Therefore, it
is necessary to do further researches to obtain a better approach to calculate
equivalent permeability of fractured coal samples.
11
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Figure 6: Permeability distributions generated by a log-normal random function for four
models with cleats
Figure 7: The equivalent permeability of four models calculated by these four methods
12
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Figure 8: (a)A coal concept model where it only allows fluids flow through cleats; (b)an
equivalent homogeneous model
3. A new empirical formula for equivalent permeability estimation
Taking into account of coal’s extremely complex structures, a new method215
that can be used to estimate the equivalent permeability of coal samples is
proposed based on numerical simulation and analytical formula derivation.
3.1. Streamline-flow based method
Begg & King (1985) proposed streamline methods to calculate the effec-
tive vertical permeability in sandstone oil reservoirs with shale which used the220
statistical method(e.g.Cumulative probability density function)to describe the
distribution of impermeable shales in sandstone and obtained the coefficients
of their empirical formula based on lots of available date set. The matrix in
coal is mostly considered impermeable while cleats are regarded as the main
flow channels, especially face cleats. Therefore, we consider the shale as the225
matrix in coal samples while fluids can only flow in cleats following Darcy’s law
as shown in Figure 8(a).
We assumed that face cleats penetration direction is in x direction and only
the permeability in x and y directions were considered. Based on geostatistics,
13
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Darcy’s law and arithmetic mean, when there are Nc cleats in the model, the
equivalent permeability kE is given by:
kE(x) =
k(x)L
W
Nc∑
i=1
Wci
Lci
(7)
Where, L is sample length in the flow direction; W is sample width; Lci is the
length of each cleat; Wci is the width of each cleat.
To simplify the research problem, we assumed that each face cleat starts and
finishes at the same flow cross-section. Because the width of cleats is in a small
range of variation, an average cleat aperture is adopted in our models. Hence,
we can further assume the area of face cleats is equal and given by the total
area of the coal sample divided by the number of face cleats. So the area of
each face cleat is:
Ai = WciLci =
FcWL
Nc
(8)
Then, equation (7) becomes:
kE(x) =
k(x)FcL
2
Nc
Nc∑
i=1
1
L2ci
(9)
After analysing a quantity of numerical simulation results based on the flow230
in various models, we concluded the following empirical formula with considering
both face and butt cleats to calculate the equivalent permeability of a coal
sample:
kE(x) = kmx +
k(x)FcL
2
Nfc
Nfc∑
i=1
1
(Lfi +
1
2Lbi)
2
(10)
kE(y) = kmy +
k(y)FcW
2
Nbc
Nbc∑
j=1
1
( 120Lfi + Lbi)
2
(11)
Where, km is the permeability of coal matrix, mD; k(x,y) is face and butt
cleat permeability, mD; Nfc,bc is the number of face and butt cleats; Fc is the235
fraction of cleats in the coal sample; L is sample length, mm; W is sample width;
Lfi and Lbi are cleat length, mm.
14
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Figure 9: Three numerical models of coal samples
Table 1: Equivalent permeability in x direction calculated by our formula and numerical
simulation
3.2. Verification of the new formula
In the following section, three examples were used to verify equation (10)
through comparison with the results from finite element-based numerical sim-240
ulation results(Xing, 2014). In order to describe the cleats in coal seams more
realistically, a finer grid network was applied with 0.2 mm in both grid length
and width. The permeability in x and y directions were the same and their
distributions in these three models were shown in Figure 9. The flow is from
the left side (inlet) to the right side (outlet). Other conditions were the same245
as the above models.
Through numerical simulation and calculation, the equivalent permeabilities
of these models were listed in Table 1.
Table 1 shows that the results calculated from our new empirical formula
have a good agreement with those obtained from finite element method-based250
numerical simulation. This demonstrated the empirical formula presented in
this paper can be used to calculated the equivalent permeability in a small coal
sample with cleats.
15
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Figure 10: A coal sample from GG − 2 ED009 (Different permeabilities are marked by
different colours)
4. Application
In this section, we applied the new empirical formulas proposed in this paper255
to estimate the permeability of a coal sample from Guluguba−2 ED009 in Surat
basin in Queensland, Australia. This is a typical heterogeneous coal sample with
perpendicular face and butt cleats. Sample size is 478mm×138mm (Figure 10).
The average face cleat aperture is 0.02mm. In order to describe the cleats in this
coal sample in detail, a huge amount of grids with 1649100000 are needed, which260
is extremely difficult to calculate for most personal computers and software.
Therefore, in this section, we used our new method to upscale the fine scale
model in order to cut down the calculation expense.
In order to upscale our numerical model, we divided the whole sample into 9
sections which have different permeabilities demoted in Figure 10 by different265
colours respectively. Assume each section has similar coal types and coal ranks
but different cleat networks.
Firstly, our formulas were used to estimate the equivalent permeability of
each section in this coal sample based on the distribution of cleat networks.
We took one section as an example to illustrate how to obtain the equivalent270
permeability of each section.
4.1. Case study
Subsection A is randomly extracted from one section in the whole coal sam-
ple. Its size is 40mm× 40mm. The distribution of face and butt cleats in this
16
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Figure 11: (a)a subsection of the coal sample GG− 2 ED009(Subsection A); (b)a schematic
diagram of subsection A
subsection was shown in Figure 11(a) and Figure 11(b) is a schematic diagram275
which shows the size and the distribution of all the cleats in subsection-A. The
matrix permeability was assumed as 0.1 mD in both x and y direction (Kabir
et al., 2011).
Assumed that the penetration direction of face cleats is along x-axis and
the main fluid flow is in face cleats. In this sample, because the cleats do not
penetrate the sample in y direction, thus, the cleat permeability in y direction
is zero. The cleat permeability in x direction was estimated by the following
equation.
kfc =
b3
12s
=
0.023
12× 13.33 = 50× 10
−15m2 = 50mD (12)
According to equation (10), the equivalent permeability of subsection-A in
17
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Figure 12: The permeability profile in a coal sample from GG− 2 ED009
x direction is:
kE(x) = kmx +
k(x)FcL
2
Nc
Nc∑
i=1
1
(Lfi +
1
2Lbi)
2
= 0.1 +
50× 0.02×40×2+15×1.5+11×1.540×40 × 402
2
× ( 1
(40 + 15× 12 )2
+
1
(40 + 11× 12 )2
= 1.023mD (13)
According to equation (11), the equivalent permeability of subsection-A in y
direction is:
kE(y) = kmy = 0.1mD (14)
Then, similarly, we obtained the permeabilities of other sections as shown
in Figure 12. A numerical model can be built after dealing with the picture by280
mesh generating. The permeabilities of all sections were set in the numerical
model. Because each section is homogeneous, so a coarser model can be used to
represent the whole sample with a high accuracy. Therefore, the number of the
grids used in this model is much smaller than that in the original model with
just 4200. The porosity was assumed as 0.02. An incompressible fluid with a285
viscosity of 1.084 mPa.s was filled in this model. Then, the permeability of the
whole coal sample can be calculated by using pressure-solver method (Kyte &
Berry, 1975).
According to the pressure-solver method, the simulation of an incompressible
single phase steady-state Darcy’s flow comes to the flux through an equivalent290
homogeneous medium. The left (inlet) and right (outlet) boundaries in the
model were constant pressure with 20 MPa and 0.1 MPa, respectively. The
18
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Figure 13: The pressure profile of the coal sample from GG− 2 ED009
Figure 14: The velocity profile of the coal sample from GG− 2 ED009
top and bottom boundaries were impermeable. The pressure profile is shown in
Figure 13 and the velocity profile is shown in Figure 14.
The equivalent permeability of this heterogeneous large scale coal sample295
can be calculated by Darcy’s law with an average velocity.
kE(x) =
µl~v
∆p
=
1.084× 10−5 × 4780× 3.867× 10−6
20− 0.1 × 10
−6 = 1.007mD (15)
kE(y) =
µl~v
∆p
=
1.084× 10−5 × 1380× 3.52× 10−6
20− 0.1 × 10
−6 = 0.265mD (16)
The ratio of kE(x) to kE(y) determines the main flow direction in the model.
What’s more, in the flow direction, the section with the lowest permeability has
19
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Figure 15: The pressure profile with different kx/ky ratios:(a)1;(b)10;(c)100;(d)1000
Figure 16: The velocity profile with different kx/ky ratios:(a)1;(b)10;(c)100;(d)1000
a vital impact on the permeability of the whole model. In the following section,
how these two factors affect the whole flow process will be analysed in detail.300
4.2. Permeability anisotropy sensitivity study
To investigate the influence of permeability anisotropy(the ratio of r=kx/ky)
on the flow in this coal sample we assumed four different permeability distri-
butions in y direction with the values of r = 1, r = 10, r = 100, r = 1000,
respectively. The boundary conditions and other properties were the same as305
the above models.
After numerical simulation, the pressure and velocity profiles of these models
were plotted in Figure 15 and Figure 16.
As shown in the velocity contours of these models(Figure 16), the larger
permeability anisotropy of a model, the higher velocity flow channel can be310
generated in this model(as shown in Figure 16(a) and Figure 16(b). On the
20
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contrast, when r is smaller, the velocity of fluids flowing in the coal sample
becomes much smaller(as shown in Figure 16(c) and Figure 16(d)). In a low
permeable formation, higher permeability anisotropy is preferential in order to
obtain a higher production speed. Whereas, when we compared Figure 16(a)315
and Figure 16(d), we can see that the low velocity area in Figure 16(a) is much
larger than that in Figure 16(d), which indicates that a larger amount of area
in Figure 16(a) has a small flow rate or even no flow inside at all. This will
cause a significant proportion of remaining gas enriched area during the CSG
development, which is the biggest problem considered when enhancing CSG320
recovery.
5. Discussions
(1) When dealing with upscaling problems for numerical simulation, the
empirical formula presented in this paper can greatly decrease the grid number
involved in numerical models. Take the coal sample from Guluguba well−2 as325
an example, the number of the original grids needed to describe this sample in
detail is 1649100000. However, after upscaled the model by using our empirical
formula, the grid number were decreased to 4200 with the same simulation
results. This is extremely significant for dealing with the big data of digital core
analysis.330
(2) Equation (10) and equation (11)can be also applied to approximately
estimate the permeability of outcrops and coal cores by measuring the geometry
and distribution of cleats in the outer surface of them. Fracture permeability
could be calculated by using this equation k = b
3
12s . Where b is cleat aperture
and s is the spacing between cleats (Kabir et al., 2011). And other empirical335
formulas could also be used to obtain the fracture permeability (Cai et al.,
2014; Laubach et al., 1998; Pan & Connell, 2012; Wang et al., 2009). Face cleat
spacing can be calculated by using this equation s = 0.473 × 10 0.398R (R0 is
vitrinite reflectance)(Law, 1993). After the fracture permeability is obtained,
equation (10) and equation (11) could be utilized to estimate the permeability340
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of the area of interest in various scales.
6. Conclusions
Coal is a special sedimentary rock with high brittleness and extremely low
permeability. Its permeability greatly depends on coal ranks, coal types and
cleat networks. For a specific coal core, the cleats are mostly perpendicular345
and identifiable. Therefore, a simplified orthogonal cleat network is used in the
numerical models in this paper.
Several numerical models have been generated for simulating steady-state
Darcy’s flow in a porous medium under various conditions. The finite element-
based code PANDAS is validated and used to simulate the related flows in350
these models. And the accuracy of numerical simulation is optimized by using
refined grid networks and models in their representative elementary volume. In
three traditional analytical mean methods, geometric mean gives an accurate
value when it is used to calculate the equivalent permeability of the randomly
distributed permeability models compared to numerical results. However, the355
use of the arithmetic, geometric or harmonic mean is not accurate in a fractured
material.
A new empirical formula presented in this paper gives the closest estimation
to the equivalent permeability for coal samples to the results of numerical sim-
ulation and the application of this formula in Guluguba − 2 ED009 in Surat360
basin also demonstrated its applicability and convenience. Moreover, because
of the lack of precise measure methods for the permeability of some coal sam-
ples and the high cost in time and money in some measurements, the proposed
empirical formula in this paper can be used to quickly estimate the equivalent
permeability of heterogeneous coal cores and outcrops.365
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 Three traditional mean methods are tested. 
 Numerical models are optimized by using refined grid networks and models in 
REV. 
 A new empirical formula is derived from the streamline method. 
 The new formula is applied to obtain the permeability of coal in Surat basin.  
 
